the sequence specificities of the BsuM, the BsuE, and the BsuF R/M systems. The establishment of the BsuM specificity is of general interest since this R/M system endows B. subtilis with properties beyond restriction and modification. BsuM proficiency leads to absolute nonpermissiveness of B. subtilis for some phage (13, 37) . Regulation of BsuM restriction is possibly linked with early sporulation functions (13, 20) .
MATERIALS AND METHODS Strains, phage, and media. B. subtilis 168 Marburg (hsmM+ hsrM+, SP3 lysogenic), SB1207 (hsmM' hsrM+, nonlysogenic; derivative of strain CU1050 [49] ), RM125-1 (hsmM hsrM recE4 [43] , ISE15 (hsmE+ hsrE+, SPP lysogenic [18] ), and ISF18 (hsmF+ hsrF', SP, lysogenic [18] ) were grown in TY medium (3) . Escherichia coli C600 was grown in L medium (26) . Phage +105 was isolated from 4105 lysogenized strains by mitomycin C induction; SPP1 was isolated from infected cultures and purified as described previously (44) .
Nucleic acid procedures. Bacterial DNA was isolated as described previously (27) . Phage DNA was isolated as described by Trautner et al. (44) . E. coli plasmids were isolated by the procedures of Clewell and Helinski (9), Katz et al. (23) , and Bimboim and Doly (2) . B. subtilis plasmids were isolated as described previously (2, 8) .
Restriction enzymes were purchased from Boehringer Mannheim Corp. and New England Biolabs and used as described by the manufacturers. Horizontal gel electrophoresis was performed with 1% agarose.
For the construction of shuttle plasmid pBJ194, Hindlll-restricted E. coli plasmid pHSG415 (15) was ligated with HindIll-digested pC194 (12) with T4 ligase (Bethesda Research Laboratories) as described by the manufacturer. After transformation of E. coli C600 by the method of Brown et al. (6) , plasmid DNA was prepared, and B. subtilis SB1207 was transformed (8) . One of the transformants was isolated harboring plasmid pBJ194. The 4105/pC194 hybrid plasmid pBC57 and pBC59 had been constructed in our laboratory (1) .
Localization of the site of BsuM methylation. Many of the procedures used for localization of the BsuM methylation site have been described by Gunthert et al. (14) . Micrococcus luteus DNA was methylated with a crude cell extract of SB1207 and S-[3H]adenosylmethionine. After DNA extraction, a sample (2 x 106 cpm) was Taql restricted. This degraded probe and an unrestricted probe (2 x 106 cpm) were depurinated with formic acid diphenylamine (7) and treated with alkaline phosphatase (Boehringer Mannheim). Dowex 1 x 8 (Serva, Heidelberg) ion-exchange chromatography was performed with both probes, using a Pasteur pipette as column. Radioactivity was eluted in three steps (4 ml each): water, HCOOH (pH 2.5), and 2 M ammonium formiate. Fractions of 2 ml were collected. Desalting was performed on Whatman 3MM paper by washing with ethanol. From the dried paper, the radioactivity was eluted with water. The radioactive probes (105 cpm) were analyzed by cellulose thin-layer chromatography (butan-1-ol-methanol-H20-NH4OH; DNA of B. subtilis 168 was resistant to degradation by the restriction endonuclease XhoI. The observation suggested that the observed resistance was a consequence of XhoI modification rather than of the absence of XhoI sites in the DNAs tested. Since the BsuM R/M system was the only one present in B. subtilis 168, we suspected that this system might be responsible for XhoI specific modification. Direct proof for this supposition came from the observation that chromosomal DNA of strain B. subtilis RM125-1 (43), a derivative of the BsuM restriction/modification-deficient mutant strain isolated by Uozumi et al. (46) , was sensitive to XhoI degradation (Fig. 1) . The XhoI modification proficiency of the B. subtilis 168 wild-type strain was not associated with bacteriophage SP,, which codes for two site-specific DNA methyltransferases (29) , since the DNA of the prophage-free strain SB1207 is also resistant to XhoI restriction (Fig.  1) .
(ii) M * BsuM modifies plasmid DNA with a defined XhoI site to XhoI resistance. Additional proof for the presence of XhoI methylation activity in B. subtilis 168 cells was obtained in an analysis of a plasmid which was constructed to contain a defined XhoI site. Plasmid pBJ194 (Fig. 2) is a ligation product of the Staphylococcus aureus-B. subtilis replicon pC194 (12) and the pSC101 derivative pHSG415 (15) . pBJ194 is a shuttle plasmid with the ability to replicate in both E. coli and B. subtilis. The single XhoI site of this plasmid lies within the sequenced Km gene (32) of the pHSG415 moiety. When isolated from E. coli, this plasmid (pBJ194.0) became linearized through the action of the XhoI endonuclease (Fig. 3) (Fig. 3) . That resistance to XhoI degradation of these plasmids was a consequence of the modification of the XhoI site and was not due to a mutation of this site became clear from the observation that BsuMmodified plasmids lost their XhoI resistance after passage through E. coli (data not shown).
(iHi) suM restriction and modicaton of phage +105. BsuM-specific restriction and modification was first recognized with phage 4l105 (39) . With B. subtilis 168 as indicator, the efficiency of plating of +105 grown on a BsuM-deficient strain (+105.0) is reduced to 5 x 10-2 relative to the original host strain (46) . BsuR restriction of the same phage leads to a reduction of the efficiency of plating of 4105 to ca. 10-4 (44 (iv) M * BsuM methylates the 3' cytosine of the XhoI recognition sequence CTCGAG. Within the recognition sequence CTCGAG, XhoI resistance may be caused by methylation of either adenine (Thermus aquaticus DNA [5] ) or of the central (3') cytosine (47) . With no detectable methylated adenine present in B. subtilis SB1207 DNA (U. Gunthert, personal communication) and in the presence of significant levels of 5'-methylcytosine (29), we therefore suspected cytosine methylation to be responsible for BsuMspecified methylation. To establish which cytosine in the CTCGAG sequence is the acceptor for BsuM modification (Fig. 5) , XhoI-sensitive M. luteus DNA was methylated in vitro with a crude cell extract of the nonlysogenic strain SB1207 with radioactive S-adenosylmethionine as methyl donor. For a selective analysis of BsuM modification, part of such DNA was then degraded with TaqI, which recognizes the sequence TCGA and cuts between T and C (38) irrespective of cytosine methylation (42) . TaqIdigested and untreated DNAs were then depurinated and treated with diphenylamine and alkaline phosphatase. Bases, nucleosides, and nucleotides generated in both probes were separated by using Dowex ion-exchange chromatography. In the unrestricted probe, elution of the radioactivity only occurred with 2 M ammonium formiate (Fig. 6a) , which specifically elutes nucleotides (14) . After desalting and cellulose thinlayer chromatography in the presence of appropriate markers, the radioactivity comigrated with tri-or longer nucleotides (Fig. 6c) . On the other hand, radioactivity of the TaqI-restricted probe eluted with H20 (Fig. 6b) , which exclusively elutes purine bases and pyrimidine nucleosides (14) . On cellulose thin-layer chromatography, the radioactivity recovered comigrated with cytidine-5-methylcytidine (Fig. 6d) . Using the specificity of the TaqI restriction endonuclease, these results demonstrate that the BsuM modification enzyme methylates the central (3') cytosine of the CTCGAG sequence. Neither 5' cytosine methylation (which should result in radioactive oligonucleotides in the case of the TaqI-restricted probe) nor adenine methylation of the recognition sequence was detected.
Further proof for the identification of BsuMspecific methylation came from the analysis of pBJ194 DNA with AvaI, which recognizes CpyCGpuG sequences (16) . Among the three AvaI sites of pBJ194 (Fig. 2) , one site is the XhoI recognition sequence (CTCGAG). In contrast to the formation of three AvaI-generated fragments of the unmodified plasmid, degradation of the BsuM-modified plasmid derived from B. subtilis SB1207 generated only two fragments (Fig. 7) , since the modified AvaI-XhoI site was not accessible to AvaI restriction. Thus, AvaI and XhoI are blocked by cytosine methylation at cognate positions (CpyC+GAG). This observation is consistent with the fact that DNA of Anabaena variabilis, the producer of AvaI restriction enzyme, is resistant to XhoI degradation (5 BsuE R/M system. B. subtilis IAM1231 carries two host-controlled R/M systems designated BsuE (=Bsu 12311) and BsuF (=Bsu 1231II) (17) . The BsuE system is also found in strain ATCC 6633 (17) . Methylation of DNA by the BsuE modification enzyme is known to be approximately proportional to its CG content (31) . Among a variety of enzymes recognizing sites containing CG, it was found that FnuDII and ThaI were unable to restrict chromosomal DNA of the BsuE-proficient strain ISE15 (Fig. 8) . These enzymes are isoschizomeric and recognize the sequence CGCG (25, 28) . Further proof for this finding came from the analysis of BsuEmodified SPP1 phages (SPP1.E). The genomes of these phage show FnuDII and ThaI resistance, whereas the unmodified genomes are sensitive to both enzymes. Both isoschizomers seem to be blocked by the same type of modification. BsuE-modified phage SPP1.E plate with unit efficiency on the ISE15 indicator strain, whereas the efficiency of plating of the unmodified phage is reduced to 2 x 10-5 compared with the nonrestricting host ( Table 1) .
BsuF R/M system. Through transformation studies, it is known that the R/M systems BsuR, BsuF, and BsuC cannot coexist within a cell (17) . Both the BsuR and the BsuC system map at the same position in the 168 chromosome (18) . Therefore, these three R/M systems are supposed to be allelic. During our studies on phage which code for site-specific methyltransferases, we noticed that the SPR methyltransferase methylates GGCC (=BsuR) and CCGG sites (21, 22, 45) . In our search for a cognate restriction system with CCGG specificity among B. subtilis strains, we observed MspI resistance of the chromosomal DNA of the BsuF-proficient strain ISF18 (Fig.  8) restriction-deficient (hsrM) strains, whereas hsrM+ strains are totally nonpermissive. In contrast, phage 4)1, 429, and PZE, which are closely related to them, plate with almost equally high efficiency on both the hsrM+ and hsrM strains (13, 20, 37) . We are interested in understanding the differences between these phage groups and to establish whether the stringent nonpermissiveness of hsrM+ strains towards phage of the first group is a reflection of a particularly high sensitivity of their DNAs to BsuM-specific restriction.
In the course of our investigations concerning the methyltransferases coded by SPR phage, we were intrigued to find the BsuF system as cognate to the CCGG methylation of this phage. Thus, the two types of methyltransfera,se activities render the phage able to overcome both BsuR and BsuF restriction. Since both host restriction systems are supposed to be allelic, this observation is interesting with regard to evolutionary aspects. It is noteworthy that the SPR gene shares no homology with either the BsuR or the BsuF genes of the host (29; M.
Noyer-Weidner, unpublished data).
A remarkable difference between the two CCGG-specific methyltransferases of phage and host is the effect on HpaII restriction. Whereas SPR methylates both adjacent cytosine residues to MspI and HpaII restriction (C+C+GG [21] ), the M * BsuF enzyme methylates CCGG sites to MspI resistance, leaving the majority of sites HpaII sensitive. Thus, this type of modification is analogous to methylation by B. subtilis Q enzyme, which methylates the outer cytosine (3') of the recognition sequence (C+CGG [21] ). Preliminary results indicate that BsuF-modified MspI sites in a GC-rich environment tend to exhibit HpaII insensitivity.
For a better understanding of the mode of action and the relatedness of these modification enzymes, cloning attempts with these systems are in progress. 
